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4 Accordingly, gas-phase reactions of various organic compounds with lanthanide cations have been extensively investigated by spectroscopic experiments [5] [6] [7] [8] [9] [10] and computational studies [11] [12] [13] for decades. Among these molecular systems, H 2 O as the simplest molecule having the O-H bond, serves as a good model to understand the O-H bond activation by lanthanide cations. For example, the reactions of H 2 O with many metal mono-cations have been plentifully investigated experimentally 7, 14, 15 and theoretically.
16-19
Cheng et al. performed the experiments on the reactions of various 29 transition metal ions, 17 main-group atomic ions and all lanthanide ions except Pm + with D 2 O by using the inductively coupled plasma/selected-ion flow tube (ICP/ SIFT) tandem mass spectrometry. 7, 15 Their experimental results showed that the reactions proceeded to one of the ensuing channels: (1) 
20,21
In addition, the intersystem crossing (ISC) point is estimated by the single-point energy calculations along the reaction pathway. These results correlated to the recent experimental findings.
7,15
We calculated the doublet and quartet PESs for the ionmolecule reaction of Ce + with H 2 O using DFT method, since these two states are very close in energy and may interconvert during the reaction. All molecular structures of the reaction species (reactants, intermediates, products, and transition states) were fully optimized using PBE0 hybrid DFT functional, 22 which are frequently used and gives reasonable results for lanthanide molecular systems. [23] [24] [25] The unrestricted formalism (UPBE0) was used for all spin states. In particular, an open shell structure was used for the singlet spin states. We used the relativistic effective core potential (RECP) to treat the scalar relativistic effect for the lanthanide ion, Ce + . The small-core Stuttgart ECP28MWB 26, 27 with the large atomic natural orbital (ANO) valence basis set ([6s6p5d4f 3g]) and 6-311++G(d,p) basis sets were used for the lanthanide ion (Ce + ) and other atoms (H and O), respectively. We also carried out the harmonic vibrational frequency calculation. All transition states were identified by one imaginary frequency and confirmed by using the intrinsic reaction coordinate (IRC) method. 28, 29 All relative energies included the zero-point energy (ZPE) correction for all reaction species. We also used the natural population analysis (NPA) 30 for characterizing atomic charge and electronic structure. All calculations were carried out using the Gaussian 03 program.
31
All optimized geometries of both doublet and quartet spin states and the reaction PESs regarding to the reactions of Ce + with H 2 O are shown in Figures 1 and 2 , respectively. The initiation step of the reaction is the association complex formation in both spin states. As shown in Figure 1 Figure 1 ). As shown in Figure 2, The electronic structure dramatically changed as the reaction proceeds from TS 12 to IM 2 . As mentioned above, the electronic structure of 2 IM 2 ). The two diabatic PESs (doublet and quartet) are shown in Figure 3 and the crossing point of two PESs is also clearly seen. Although actual adiabatic PESs should be calculated including spin-orbit coupling (SOC), we can easily expect that the spin state readily changes due to intrinsic large SOC of lanthanide atom. Once the spin state changes from quartet to doublet as shown in Figure 3 In the next step, two hydrogen atoms of IM 2 are close to each other through TS 23 . However, as shown in Figure 1 , the structure of On the contrary, Ce in the 2 TS 23 structure mediates the H 2 formation via covalent contribution of 5d and 4f orbitals of Ce. These contributions lead to the lowering of activation barrier for this step. As shown in Figure 2 , the H 2 formation step (from IM 2 to TS 23 ) is the rate determining step on both spin states. The activation barrier of the doublet state is 21.4 kcal/mol which is smaller than that (31.0 kcal/mol) of the quartet spin state. Therefore, Ce catalyzes the H 2 formation and its magnitude of lowering is about 10 kcal/mol.
As a final step of titled reaction, H 2 forms on both Figure 1) . Finally, on both spin states, H 2 are getting Notes far away from CeO without barrier and the reactions are completed. It is worthwhile to mention two major roles of Ce in the reaction of Ce + with H 2 O. First, the two spin states (doublet and quartet) are mixed due to large SOC of Ce and the reaction proceeds from the quartet to doublet spin state where thermochemically is stable. Second, the activation barrier of the H 2 formation, the rate-determining step, has been reduced due to the mediation of Ce. Thus, the O atom transfer reaction can be readily occurred because of the crucial roles of Ce. This result is in good agreement with the recent experimental finding.
In summary, we have performed DFT calculations to elucidate the reaction mechanism of reaction Ce + with H 2 O. Our calculated PESs in both doublet and quartet spin states account for how Ce + activates the OH bond of water in the gas phase and subsequently generates CeO + and H 2 products in details. The efficiency of this reaction can be attributed to two major role of Ce + . First, the spin multiplicity changes from the quartet to doublet due to SOC of Ce atom. Second, Ce catalyzes the H 2 formation step, rate determining step due to the covalent contribution of 5d orbital of Ce atom. The calculated results well explain the experimental findings. 
